The incidence of hepatocellular carcinoma is rising due to alcohol drinking, hepatitis C viral infection and metabolic syndrome. Differential expression of CYP2E1 may play a pleiotropic role in the multistep process of liver carcinogenesis. Considerable attention has focused on the antitumor effect of trichostatin A (TSA) as well as CYP2E1 expression-induced apoptosis of cancer cells. However, very few studies have examined the mechanisms by which TSA has an antitumor effect and its association to CYP2E1 expression. The current study examined the action of TSA on CYP2E1 expression and the role of CYP2E1 in inducing apoptosis of HepG2 cells. Our data showed that TSA selectively induced CYP2E1 in four studied human hepatocellular carcinoma (HCC) cell lines (Huh7, PLC/PRF/5, Hep3B and HepG2), but not in normal primary human hepatocytes. TSA-mediated up-regulation of CYP2E1 expression was associated with histone H3 acetylation and the recruitment of HNF-1 and HNF-3b to the CYP2E1 promoter in HepG2 cells. siRNA-mediated knockdown experiments showed that TSA-induced caspase-3 cleavage was decreased due to reduced expression of CYP2E1 in HepG2 cells. Moreover, down-regulation of CYP2E1 was accompanied by decreased production of mitochondrial reactive oxygen species. These results suggest that histone modification is involved in CYP2E1 gene expression and that CYP2E1dependent mitochondrial oxidative stress plays a role in TSA-induced apoptosis.
Introduction
Hepatocellular carcinoma (HCC) is a serious health problem. HCC is the fifth most common cancer worldwide and the third leading cause of cancer mortality. 1, 2 Twenty years ago, HCC was almost entirely restricted to Asia and sub-Saharan Africa. However, the incidence of HCC is increasing worldwide, with particularly steep increases documented in industrialized countries such as Japan, the USA and Denmark. 3 -6 A substantial proportion of the increase seen in the USA is due to diabetes, hepatitis C virus and excessive alcohol intake. 7, 8 Studies conducted in Italy and the USA suggest that alcohol is the most common risk factor contributing to HCC (accounting for 32 -45% of HCC cases) as either the primary cause or an important co-factor. 9 CYP2E1 plays multiple roles at different stages during alcohol-related hepatocarcinogenesis. In the HCC initiation and promotion stage, the induction of CYP2E1 promoted hepatocarcinogenesis by enhancing the conversion of various pro-carcinogens to carcinogens such as dimethylnitrosamines, aflatoxin B1, vinyl chloride and dimethylhydrazine. 9, 10 A recent study showed that the induction of hepatic CYP2E1 by alcohol leads to highly miscoding lipid peroxidation-derived DNA that may play a significant role in hepatocarcinogenesis in patients with alcoholic liver disease (ALD). 11 Many studies have showed that CYP2E1 overexpression not only induces reactive oxygen production, toxicity and apoptosis, but also synergizes and increases the susceptibility to different chemicals. 12 -14 However, studies also show the expression of CYP2E1 in human liver tumors was lower than that in non-tumorous tissues. 15, 16 Therefore, the differential expression of CYP2E1 may play a pleiotropic role in the multistep process of HCC tumorigenesis. The expression of CYP2E1 can be regulated at transcriptional and post-transcriptional levels. Serum shock-induced CYP2E1 expression is related to histone H3 acetylation. 17 Epigenetic modifications have emerged as key mechanisms in gene expression regulation. Histone deacetylases (HDACs) play an important role in the epigenetic regulation of gene expression by catalyzing the removal of acetyl groups leading to chromatin condensation and transcriptional repression. However, there is growing evidence that inappropriate gene expression governed by epigenetic changes is also crucial to tumorigenesis and the progression of cancer. 18 -20 The change of acetylated histone was closely related to the expression of specific cancer-related genes in hepatoma cells. 21 In addition, HDACs are overexpressed in different types of cancer; therefore, HDACs are becoming promising anticancer targets. 22, 23 Several classes of histone deacetylase inhibitors (HDACi) have been found to have anticancer activities with remarkable tumor specificity. 24 -26 Trichostatin A (TSA), a natural fungistatic antibiotic, was among the first of a series of hydroxamic acids to be discovered and has become one of the main research tools for probing the function of histone acetylation. 27, 28 TSA and the development of structurally related HDACi show pronounced anticancer activity at very low concentrations (nanomolar to micromolar range). 29, 30 Studies have also elucidated TSA's promising antitumor effects in HCC model systems while not affecting primary hepatocytes; TSA appears only to induce apoptosis in HCC cells, but not in primary hepatocytes. 26, 31, 32 Although studies have showed that apoptosis of cancer cells is caused by TSA and CYP2E1 overexpression, the molecular linkage among TSA, CYP2E1 expression and apoptosis has not been established. We hypothesize that the selective antitumor effect of TSA may be associated with CYP2E1-mediated signaling. The goal of this current study is to examine the effect of TSA on CYP2E1 expression in HCC cells and elucidate the function of CYP2E1 in TSA-induced apoptosis.
Materials and methods

Reagents
All reagents and chemicals used were from Sigma-Aldrich (St Louis, MO) unless noted otherwise. Acetylated histone 3 and 4 antibodies and chromatin immunoprecipitation (ChIP) assay kit were purchased from Upstate Biotechnology (Lake Placid, NY). MitoSOX TM Red mitochondrial superoxide indicator (for live-cell imaging) and Hank's balanced salt solution (HBSS) with calcium and magnesium were purchased from Molecular Probes, Invitrogen (Carlsbad, CA). VECTASHIELD mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI) was purchased from Vector Laboratories (Burlingame, CA). TRIzol reagent and Lipofectamine TM RNAiMAX transfection reagent were purchased from Invitrogen. Polyclonal antibodies to human hepatic nuclear factor 1 (HNF-1), human hepatic nuclear factor 3b (HNF-3b) and goat antirabbit IgG-Texas Red were from Santa Cruz (CA; Louis, MO). Antibody specific for CYP2E1 was purchased from Abcam (Cambridge, MA). Cleaved caspase-3 rabbit mAb was purchased from Cell Signaling (Beverly, MA). TSA was dissolved in dimethyl sulfoxide (DMSO) at 10 mmol/L as the stock solution and stored at 2208C.
Cell cultures and treatment
Human hepatoma cell lines HepG2, Hep3B, Huh-7 and PLC/ PRF/5 were cultured in Dulbecco's modification of Eagle's medium (Mediatech). The media were supplemented with 10% charcoal-stripped fetal bovine serum (FBS) (Biomeda) and 1% penicillin/streptomycin (Invitrogen). The cells were cultured at 378C in 5% CO 2 atmosphere with a relative humidity of 95%. The cells were treated with 1 mmol/L of TSA for each studied time point. Primary human hepatocytes were obtained from XenoTech, LLC (Lenexa, KS) as a gift. Primary hepatocytes were cultured in William's E culture medium supplemented with HEPES buffer (10 mmol/L, pH 7.4), FBS (10%) (Biomeda), L-glutamine (2 mmol/L), 1% penicillin/streptomycin (Invitrogen) and insulin (5 mg/mL).
RNA preparation and quantitative realtime PCR
Hepatoma cells were washed with ice-cold polymerase chain reaction PBS and total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Taqman realtime PCR primers and fluorescent probe sequences were designed using Primer Express software (Applied Biosystems). The primer and probe sequences are as follows:
Probes and primers were synthesized by Sigma-Aldrich and Integrated DNA Technologies. Probes were labeled with the reporter FAM (6-carboxyfluorescein) and quencher BQH1 (black hole quencher 1) at the 5 0 and 3 0 ends, respectively. Total RNA (1 mg) was reverse-transcribed with random primer and M-MLVRT reverse transcriptase (Invitrogen) for cDNA synthesis. The ABI TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) was used in a 20 mL realtime PCR reaction. Realtime PCR was conducted using the ABI Prism 7900 Sequence Detection System (Applied Biosystems). Fold inductions were calculated using the DDC t method according to the manufacturer's instructions.
Chromatin immunoprecipitation assay
ChIP assays were performed using a ChIP assay kit (Upstate Biotechnology) following the manufacturer's protocol with the following modifications: cells were treated with 1% formaldehyde at 378C for 15 min, followed by sonication with a Model 500 Sonic Dismembrator (Fisher Scientific). The cross-linked DNA-protein complexes were precipitated with antiacetylated histone H3 (6 mg), antiacetylated histone H4, anti-HNF-1 or anti-HNF-3b. Two regions of the CYP2E1 promoter were analyzed: a proximal region (2290 to 270) and a distal region (21080 to 2836). The following primer pairs were used in the case of histones, HNF-1 and HNF-3b analysis: (2290 to 270 region: sense 5 0 -ACC CCACGTTCTTAACTAT-3 0 , antisense 5 0 -CTTGCTACTCGT CTATCCC-3 0 ; 21080 to 2836: sense 5 0 -CTTCATTTCTCAT CATAT-3 0 , antisense 5 0 -GACTAGCTTCTTCTTTCA-3 0 ). PCR products were visualized on 2% agarose gels stained with ethidium bromide and quantified with the Biosystems gel scanner and Quant analysis software.
siRNA transfection
Silencer w select predesigned siRNA for human CYP2E1 gene and scramble siRNA were purchased from Ambion (Austin, TX). HepG2 cells were transfected with siRNA (60 nmol/L per 1 Â 10 5 HepG2 cells per well in a 12-well plate or a chamber slide) using Lipofectamine TM RNAiMAX transfection reagent following the manufacturer's instruction. Realtime PCR was used to evaluate CYP2E1 knockdown efficiency after cells were incubated in transfection medium for 48 h.
Immunofluorescence microscopy
HepG2 cells were grown in Chamber BD Falcon TM Cultureslides (BD Biosciences, Bedford MA, USA). Following treatment, HepG2 cells were fixed for 15 min at room temperature with freshly prepared 4% paraformaldehyde in PBS. After fixation, cells were rinsed with PBS containing 0.2% Triton X100; cells were then incubated with PBS containing 0.2% Triton X100 and 5% normal goat serum for 30 min at room temperature. Primary antibody specific for acetylated histone H3 (1:200 dilution), acetylated histone H4 (1:100 dilution), CYP2E1 (1:300 dilution), cleaved Caspase 3 (1:200 dilution in PBS containing 0.2% Triton X100 and 1% normal goat serum) was applied to cells overnight at 48C in a humidified chamber. After washing in PBS containing 0.2% Triton X100 and 1% normal goat serum, cells were incubated with goat antirabbit preadsorbed, Texas Red conjugated secondary antibody (1:400 dilution in PBS containing 0.2% Triton X100 and 1% normal goat serum) overnight at 48C in a humidified chamber. After washing with PBS, cells were mounted with VECTASHIELD mounting medium with DAPI and analyzed under confocal microscope. Images were then analyzed via Image Pro Plus imaging software (version 5.0, Media Cybernetics, Silver Spring, MD).
Mitochondrial superoxide staining
MitoSOX TM Red mitochondrial superoxide indicator stock solution (5 mmol/L in DMSO, stored at 2208C in dark) was further diluted into 2.5 mM working solution with HBSS right before use. After 48 h of siRNA transfection, cells were incubated with 0.1% DMSO or with TSA (1 mM) in medium for 12 h followed by MitoSOX TM Red mitochondrial superoxide indicator staining according to the manufacturer's protocol. In brief, medium was replaced with 2.5 mM MitoSOX TM reagent working solution. The cells were incubated for 15 min at 378C, protected from light, washed gently three times with warm HBSS, and examined under fluorescence microscope in serum-free medium.
Statistical analysis
Data are expressed as mean + SD. Statistical analysis was performed using Student's t-test or one-way ANOVA. P values of ,0.05 were regarded as significant.
Results
Differential effects of TSA on CYP2E1 expression in primary hepatocytes and HCC cell lines
To assess the effect of TSA on CYP2E1 expression in HCC cell lines and primary hepatocytes, CYP2E1 expression was quantitated by realtime PCR. The data demonstrated that TSA induced the mRNA level of CYP2E1 in four studied human HCC cell lines (Huh7, PLC/PRF/5, Hep3B and HepG2), but not in primary hepatocytes (Figure 1 ). Among the four HCC cell lines, HepG2 cells had the highest induction of CYP2E1 mRNA levels. In addition, the induction of CYP2E1 mRNA in HepG2 cells was time dependent; it occurred within 12 h after TSA treatment ( Figure 2 ). Figure 2 The induction of CYP2E1 mRNA levels in HepG2 cells is time dependent. Realtime PCR was used to quantify CYP2E1 mRNA level. Data were expressed as mean + SD from three independent experiments. Ã P , 0.05, ÃÃ P , 0.001 versus DMSO treatment group. DMSO, dimethyl sulfoxide; TSA, trichostatin A Figure 1 TSA induced CYP2E1 mRNA level in HCC cells, but not in primary human hepatocytes. HCC cells and primary human hepatocytes were treated with DMSO or TSA (1 mM) for 24 h. Realtime PCR was used to quantify CYP2E1 mRNA level. Data were expressed as mean + SD from three independent experiments. Ã P , 0.05, ÃÃ P , 0.001 versus DMSO treatment group. TSA, trichostatin A; HCC, hepatocellular carcinoma; DMSO, dimethyl sulfoxide
Accumulation of acetylation of histone H3 and H4 in HepG2 cells with TSA
To examine whether TSA affects histone acetylation, TSA-treated HepG2 cells were studied for histone H3 and H4 acetylation by immunocytochemistry using specific antibodies followed by incubation with Texas Red conjugated secondary antibody and imaged by confocal microscopy. An accumulation of acetylated H3 and H4 proteins in HepG2 cells could be detected after TSA treatment for 24 h (Figure 3) .
TSA increases the recruitment of acetylated histone H3 and transcription factors on the proximal CYP2E1 promoter
To study the molecular mechanisms whereby TSA mediates the induction of CYP2E1 expression, we performed ChIP assays to study the factors recruited in vivo to the promoter as well as chromatin modifications. Using antibodies against acetylated histone H3 and H4, the immunoprecipitated genomic DNA was amplified by PCR using primers spanning positions 21080 to 2836 and 2290 to 270, which contain HNF-1 and HNF-3b and predicted transcriptional binding sites. TSA treatment increased the levels of acetylated histone H3, but not H4, recruited to these two regions (Figure 4 ). We next sought to determine whether histone modification correlated with the recruitment of transcription factors to each specified region. Antibodies specific for HNF-1 and HNF-3b were used. The results showed that TSA treatment enhanced the recruitment of HNF-1 and HNF-3b to the promoter (2290 to 270) region of the CYP2E1 gene ( Figure 5 ). HNF-1, but not HNF-3b, was constitutively bound to the 21080 to 2836 region of the CYP2E1 gene, and TSA treatment did not further increase the binding ( Figure 5 ). These findings suggest that TSA-mediated up-regulation of CYP2E1 expression is associated with histone H3 acetylation and the recruitment of HNF-1 and HNF-3b to the 2290 to 270 region within the promoter.
TSA-induced CYP2E1 is involved in reactive oxygen species generation and apoptosis in HepG2 cells
In order to determine the role of TSA-induced CYP2E1 in mediating cell death, siRNA-mediated knockdown was performed. HepG2 cells were transfected with predesigned siRNA for human CYP2E1 or scramble siRNA. The CYP2E1 siRNA transfection caused .70% reduction of CYP2E1 mRNA level (Figure 6a ) and blocked TSA-induced CYP2E1 protein expression in HepG2 cells (Figure 6b ). In Figure 4 Induction of CYP2E1 by TSA is associated with the recruitment of acetylated H3 to the CYP2E1 promoter. HepG2 cells were treated with TSA (1 mM) for 24 h followed by chromatin immunoprecipitation (ChIP) assay as described in the Materials and methods. CYP2E1 promoter fragments were immunoprecipitated with antiacetylated H3 or antiacetylated H4 antibody and amplified by PCR. Results are representative of three independent experiments. TSA, trichostatin A; DMSO, dimethyl sulfoxide addition, down-regulation of CYP2E1 was accompanied by decreased production of mitochondrial reactive oxygen species (ROS) (Figure 6c ). Moreover, TSA-induced caspase-3 cleavage was also reduced due to reduced expression of CYP2E1 in HepG2 cells (Figure 7 ).
Discussion
CYP2E1 has important functions in the metabolism of a wide variety of endogenous and exogenous compounds and is relevant to chemical toxicity and carcinogenesis in liver. 33, 34 Clinical studies have showed that decreased expression of CYP2E1 was associated with poorly differentiated HCC and poor prognosis in HCC patients. These findings suggested that high expression of CYP2E1 might be cytotoxic to HCC cells and inhibit their rapid proliferation. 35, 36 TSA also induced apoptosis of HCC cells and the expression of many genes was altered after exposure to TSA in HCC cell lines. 37 Therefore, it is of interest to study the potential impact of TSA on CYP2E1 gene expression and its function in apoptosis. The current study provides novel information, which demonstrates chromatin modification and the recruitment of transcription factors lead to enhanced expression of CYP2E1 gene as well as ROS generation, which ultimately cause HepG2 cell death.
The selective antitumor activity of HDACi is due to the alteration of gene expression by accumulating acetylated histones and reordering of transcription of target genes and components of the transcriptional machinery. 38 -40 CYP2E1 can be regulated at different levels via various mechanisms. For example, many investigators have reported that post-transcriptional regulation plays a major role in ethanol-mediated CYP2E1 expression. 34, 41 Some studies showed that CYP2E1 transcription is influenced by a variety of compounds such as IL-6, T3 and insulin, but the molecular mechanism is still poorly understood. 42 -44 The present study showed that TSA could increase CYP2E1 transcription by increased enrichment of acetylated histone H3, but not H4. Histone H3 acetylation usually occurs in the proximal promoter; in contrast to H3, acetylated histone H4 is found to occur in distal regions. 45 The main CYP2E1 transcription activity is dependent on the proximal promoter. Deletion analysis showed that the proximal promoter of CYP2E1 was responsible for 90% of the in vitro transcription activity of rat adult liver extracts. 46 Human CYP2E1 transcription activity can be affected by the polymorphism at nucleotide 21019. This polymorphism affects its ability to bind HNF-1 and changes its transcriptional regulation. 47, 48 Our data suggest that the binding of HNF-1 to the 21080 to 2836 region maintains the basal transcription activity of CYP2E1, but the inducibility of CYP2E1 by TSA is mainly due to additional recruitment of HNF-1 and HNF-3b to the 2290 to 270 region. Our data are consistent with the literature indicating that HNF-1 plays a major role in controlling the liver-specific expression of CYP2E1 gene in vitro and in vitro. 46, 49 Taken together, TSA treatment results in HNF-1 and HNF-3b recruitment to the CYP2E1 promoter (2290 to 270) by acetylated histone H3. Thus, HNF-1 and HNF-3b played an important role in TSA-induced CYP2E1 expression in HepG2 cells.
TSA not only induced CYP2E1 mRNA, but also CYP2E1 protein levels in HepG2cells. The catalytic cycle of CYP2E1 plays an important role in ROS generation, in which hydrogen peroxide and superoxide can be produced from the ferrous-dioxygen complex or released from the peroxy ferric intermediate (peroxy P450). 50 CYP2E1-generated ROS could increase lipid peroxidation and mitochondrial membrane permeability, cause the release of pro-apoptotic factors and activate caspase 3 to induce apoptosis. 51 Our data showed that the TSA-induced CYP2E1 expression was associated with the induction cleaved caspase 3 in HepG2 cells. Endogenous CYP2E1 mRNA level was quantified by realtime PCR and expressed as relative fold compared to cells transfected with scramble siRNA transfection. (b) HepG2 cells were transfected with either scramble siRNA or CYP2E1 siRNA (60 nm) for 48 h and then cells were treated with TSA (1 mM) for 24 h followed by immunofluorescence staining for CYP2E1 and nuclear counterstaining. Representative results are from at least two independent experiments. (c) CYP2E1 was knocked down by siRNA in HepG2 cells and then cells were treated with TSA (1 mM) for 12 h. ROS was detected by MitoSOX TM Red mitochondrial superoxide indicator for live-cell imaging staining. MitoSOX TM Red reagent is highly selective for detection of mitochondrial superoxide in live cells. Once the compound is oxidized by superoxide in the mitochondria, red fluorescence is visible under fluorescence. The positive cells were shown in red with MitoSOX TM Red mitochondrial superoxide indicator staining. Four random fields of more than 200 cells each were counted under a fluorescence microscope. The results were generated from three independent experiments. Ã P , 0.01 versus DMSO treatment group, # P , 0.05 versus TSA (scramble siRNA). TSA, trichostatin A; ROS, reactive oxygen species; DMSO, dimethyl sulfoxide (A color version of this figure is available in the online journal) Furthermore, knockdown CYP2E1 expression not only inhibited ROS generation but also the induction of cleaved caspase 3. Activation of the caspase cascade plays an important role in TSA-and suberoylanilide hydroxamic acid-induced apoptosis in different cancer cell lines. 52, 53 CYP2E1 overexpression is involved in the production of lipid peroxidation or ROS and activation of caspase 1, 2 and 3, followed by mitochondrial injury and apoptosis. 54 -56 CYP2E1 is mainly located in the membrane of the endoplasmic reticulum (ER) and mitochondrion; the damage to mitochondrion produced by mitochondrial CYP2E1 might be an early event in cell injury and mitochondrial CYP2E1 might play an important role in biochemical and toxicological effects just as CYP2E1 does in the ER. 50,57 -59 Taken together, our data established the linkage between TSA-induced CYP2E1 expression and ROS generation as well as program cell death of HepG2 cells.
In summary, TSA induces apoptosis through a mechanism that involves increased CYP2E1 gene transcription due to acetylation of histone H3 at the proximal promoter and recruitment of HNF-1 and HNF-3b to the same region. CYP2E1-dependent mitochondrial oxidative stress plays a role in TSA-induced apoptosis of HepG2 cells. Given the importance of CYP2E1 in HCC, induction of CYP2E1 by TSA might provide a basis for a therapeutic approach in patients with HCC. Figure 7 TSA-induced cleaved caspase-3 is mediated through CYP2E1 in HepG2 cells. CYP2E1 expression was knocked down by siRNA in HepG2 cells and then cells were treated with TSA (1 mM) for 24 h followed by immunofluorescence staining with a specific antibody against cleaved caspase-3 and nuclear counterstaining with DAPI and viewed by confocal microscopy. Representative images of three independent experiments are shown. Ã P , 0.01 versus DMSO treatment group, # P , 0.05 versus TSA (scramble siRNA). TSA, trichostatin A; DAPI, 4 0 ,6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide (A color version of this figure is available in the online journal)
